Candida albicans strain WO-2 was isolated as a spontaneous derivative of the white-opaque switching strain WO-I. The electrophoretic karyotype of WO-2 lacks two bands which are found in the parent. These bands correspond to one homologue of chromosome 7 and to a translocation product containing parts of chromosomes 6 and 5. Probing a blot of the karyotype demonstrated that the genetic material in these bands had been lost, yielding an aneuploid strain. UV-irradiation experiments showed that auxotrophs due to mutation in genes located in this region predominated, supporting the conclusion that WO-2 is partially haploid. WO-2 contained about 10% of its genome in the haploid state, and it grew with a doubling time of about twice that of its parent. However, it was able to undergo both the yeast-to-hyphal transition and the white-opaque transition. Hence, these processes do not require perfect di ploidy.
INTRODUCTION
Although the opportunistic human pathogen Candida albicans has been the subject of intensive studies over the last 15 years, genetic approaches have been hampered by several peculiar properties of the organism (Scherer & Magee, 1990) . One is its lack of a sexual cycle; another is its diploid nature. The first precludes the use of classical genetic analysis to study the properties related to virulence and pathogenicity. The second makes molecular genetics much more cumbersome, since mutants made by classical means are likely to be non-isogenic with the parent strain, and gene deletions are difficult to make, requiring either two selectable markers or three recombination steps.
Some early studies suggested that most isolates contained many balanced recessive lethal mutations (Whelan & Soll, 1982) and hence that diploidy was obligatory and that haploidy or even significant aneuploidy would not be possible. Evidence against this view was provided by the experiments of Barton & Gull (1992) , who showed that a strain could survive with only one copy of the 2 Mb chromosome 3, although growth was slow until the aneuploid strain reduplicated the monosome, after which the growth rate was close to normal. However, the resulting strain was presumably now homozygous for one of the two original chromosome 3 homologues, indicating that there were no recessive lethal mutations in at least one stretch of DNA comprising 6 '/o of the diploid genome. Recessive lethal mutations thus seem to be rarer than first imagined.
Clinical isolates of C. albicans vary widely with respect to their electrophoretic karyotype Iwaguchi et al., 1990) . Furthermore, variation is often seen in laboratory strains, especially associated with changes in colony phenotypes (Suzuki et al., 1989; Rustchenko-Bulgac, 1991) . While the major part of this variation is in chromosome R and is due probably to unequal crossing over in the ribosomal DNA repeats, new chromosomal bands frequently appear in both the large and the small size ranges. Many of these are due to translocations (Thrash-Bingham & Gorman, 1992) , but whether there are also deletions leading to aneuploid regions of the genome is not known.
If aneuploidy does occur naturally among C. afbicans strains, it could have a significant role in pathogenesis, since it might allow the expression of recessive alleles important in the infection process. For example, many drug-resistance genes are recessive, and mutation of a hemizygotic allele to drug resistance would lead directly to the resistant phenotype. B. B. MAGEE a n d P. T. MAGEE consequences are. In this paper, we show that a strain derived from the switching strain WO-1 is aneuploid, lacking 1.7 Mb DNA, and that although its growth is affected it can still switch and make hyphae. Its aneuploidy makes it an attractive strain for examining the effects of mutations in the hemizygotic genes.
METHODS
Strains and plasmids. These are listed in Table 1 .
Media and growth conditions. YEPD and minimal media were as described by Chu et af. (1992) ; cells were grown at 30 "C on YEPD except when testing for nutritional markers, when appropriately supplemented minimal medium was used. Switching was observed on YEPD plates supplemented with phloxine B and incubated at room temperature for 1 week or more. Hyphae were induced by incubation of cells in serum overnight at 37 "C. PFGE. Chromosome sample plugs were made as described previously by Chu et al. (1993) . Chromosomes were separated in 0.6 ' / o agarose gels (Amresco PFGE Grade 111) in 0.5 x TBE buffer (1 x TBE is 100 mM Tris, 100 mM boric acid, 2 mM EDTA, pH 8.3), using the Bio-Rad CHEF-DRII. Conditions were 120-300 s for 24 h and 420-900 s for 48 h at 80 V. Gels were blotted to nylon membranes (MSI Magnagraph) by standard Southern procedure or by a vacuum blotter (Bio-Rad model 7851, and linked by UV (Bio-Rad GS Gene Linker). Probes. Genes used as probes were excised from plasmids with restriction enzymes and run on agarose gels. Isolated fragments were purified by spinning through glass-wool (Heery et at., 1990) , labelled with digoxigenin (Genius system ; BoehringerMannheim) and detected by chemiluminescence. Probes are listed in Table 1 . UV mutagenesis. Cells were spread on YEPD plates and mutagenized using the Bio-Rad GS Gene Linker at the 3 or 4 m J setting. Mutants were detected by replication to minimal medium. Growth curves. Growth of the strains in YEPD at various temperatures was followed by cell count in a haemocytometer or by OD,,, measurements in a Bausch & Lomb Spectronic 70 spectrophotometer. Transformation. Mutations were identified by transformation with known C. albicans genes. Transformation was by a standard spheroplast method available on the Worldwide Web Candida Information Page (http ://alces.med.umn.edu/ Candida.htm1) (Magee, 1994) or by a whole-cell method using the Frozen-EZ Yeast Transformation kit (Zymo Research).
RESULTS

Origin of strain WO-2
Strain WO-2 was isolated from a culture of WO-1 which had been frozen at -80 "C in 7 % DMSO for storage. Since WO-1 has a unique karyotype, it is always tested when recovered from frozen culture to make sure that no changes have occurred. In this case, the karyotype of all the colonies tested was significantly different from that of WO-1, although it was definitely not typical C. albicans (Fig. 1, lane 3 ; strain 1006). The karyotype of WO-1 (lane 2) is characterized by three reciprocal recombination products, between chromosomes 1 and 5 (both translocation products comigrate with chromosome 2), 4 and 7 (the translocation products are labelled 4.5 and S), and 5 and 6 (one product comigrates with chromosome 4, and one is the smallest band) (Chu et al., 1993) . The aberrant karyotype (lane 1) appeared to lack the reciprocal recombination product of chromosomes 5 and 6 that we call the supernumerary chromosome (snc), and the band corresponding to the unrearranged White-opaque switching strain (Slutsky et al., 1987) ; carries three
Has a 'standard' C. albicans karyotype (Goshorn & Scherer, 1989) translocations (Chu et al., 1993) Contains the C. albicans URA3 gene along with the ARSZ gene Contains the S. cereviszae LEU2 gene in a 2p plasmid
Contains the C. albicans URA3 and HIS1 genes together with
Contains the C. albicans URA3 and LEU2 genes in a vector
Contains the C. albicans HIS4 gene (Altboum et al., 1990) Contains the C. albicans HIS3 gene (Rosenbluh et af., 1985) in pUC18 (Goshorn et al., 1992 ) (Christianson et al., 1992) ARSZ and ARS3 (Pla et al., 1995) with ARSZ (Cannon et at., 1991) Contains the C. albicans ILV2 gene (Chu et al., 1993) Contains the ARG4 gene in pEMBLY 23 (Hoyer et al., 1994) albicans. The new strain, which we called WO-2, grew significantly more slowly than WO-1 (see below).
WO-1 is known to be cold-sensitive. Given the conditions under which WO-2 appeared and its apparent predominance in the frozen culture, it seemed possible that freezing and/or thawing in DMSO selected for this aneuploid state. However, repeated freezing and thawing of WO-1 failed to yield strains with any altered karyotypes. We therefore assume that WO-2 was a spontaneous variant of WO-1 and was inadvertently picked and used as the source for the frozen culture. chromosome 7 was missing. All the other rearrangements appeared to be unchanged (see below).
Although chromosome R varies from WO-1 to WO-2 in Because of the relatively frequent chromosome rearrangements in C. albicans, similar electrophoretic mobility in a karyotype does not assure identity of bands. We therefore used a series of chromosomespecific markers to verify the altered karyotype of WO-2. Fig. 2 shows the results of probing the blot in Fig. 1 with a marker specific for chromosome 7 (a) and one for fragment 51 (b). In Fig. 2(a) side of chromosome 7, hybridizes with two bands in WO-1 (lane 2); these correspond to the intact chromosome (lower band) and to one of the 4,7 translocation products. In WO-2 (lane I), the lower band is missing, as expected from the stained gel, but no new band has appeared. Fig. 2(b) shows the probe 52-11 from fragment 51, which makes up part of the smallest chromosome fragment (a 5,6 translocation product) and part of a translocation product of chromosomes 1 and 5 in WO-1. This probe therefore hybridizes to the small fragment and a large band in WO-1. In WO-2, 52-11 hybridizes only to the large band, while in 1006 (lane 3) it hybridizes to chromosome 5 . Fig. 3 shows that 1631, a probe specific for fragment 6C, which makes up part of the 5,6 translocation product, hybridizes to two bands in WO-1 (lane 2), but is found in WO-2 in only one band, that of the intact chromosome 6. In other experiments (not shown), probes demonstrated that the bands corresponding to chromosomes R, 2, 3 and 4 lie in the appropriate places on the electrophoretic karyotype of WO-2. Hence, this strain lacks one complete copy of chromosome 7 and in addition has only one copy of chromosome fragments 51 and 6C. Fig. 4 shows diagrams of the karyotypes of WO-1 and WO-2, with the positions of the chromosome-specific probes indicated.
Growth and switching of WO-2
The chromosome and chromosome fragments missing in WO-2 amount to about 1.7 Mb, or about 10 % of the haploid genome. The loss of this amount of DNA might be expected to affect the growth characteristics of the aneuploid strain. WO-1 grows with a doubling time of 50 min at 37 "C and 49 min at 30 "C. WO-2 grows with doubling times significantly slower ; 85 min at 37 "C and 94 min at 30 "C. Although the differences in growth rate are quite noticeable on YEPD plates, WO-2 does not seem to give rise to faster-growing variants; the colony size of a culture of this strain is quite small but highly uniform.
WO-1 is the strain in which the white-opaque transition was discovered (Slutsky et al., 1987) . The mechanism of this transition is still unknown, although a great deal has been discovered about the characteristics of the two phenotypes (Sol1 et al., 1993) . McEachern & Hicks (1991) found that the loss of the snc in WO-1 was accompanied by the loss of the capacity to switch. Chu et al. (1992) showed that in spheroplast fusants between switching and non-switching strains, retention of the snc was not required for retention of the switching phenotype. WO-2, although it grows slowly, nevertheless is capable of switching back and forth from the white to the opaque phenotype like WO-1 (Fig. 5a, c) . In addition, it is able to make hyphae (Fig. 5b, d) . (Under the conditions used here, incubation overnight in serum at 37 "C, WO-2 makes hyphae more abundantly than WO-1.) Thus, neither the snc nor indeed two copies of chromosome 7 are required for the white-opaque transition or for the yeast-to-hyphal transition.
Isolation and characterization of mutants from WO-2
The aneuploid nature of WO-2 predicts that mutations in genes found on the monosomic chromosomes should occur more frequently than mutations on other chromosomes and more frequently than in fully diploid C . albicans. The second prediction is difficult to test, since Candida strains vary widely in the ease with which Histhey are mutagenized, and the isolation of stable mutations in WO-1 has proven to be quite difficult. However, in a mutagenesis experiment in WO-2, we would expect mutations in genes on chromosome 7 and on chromosome fragments 51 and 6C to predominate. Table 2 shows the results of UV-induced mutagenesis in WO-2. In experiment 1, increasing doses of UV from 2 to 6 mJ were used. The total number of auxotrophs isolated was 4 in 729 survivors, or 0.55 70. The spectrum of mutations was broad, with a single auxotroph each for leucine, arginine, threonine and isoleucine/valine occurring. In experiment 2, two auxotrophs were found among 1033 survivors of 3 mJ of irradiation and none among 366 survivors of 4 mJ ; one of the auxotrophs was Ilv-and one was His-. In a third experiment, only a histidine requirer was found among 370 survivors of 3 m J irradiation. Two amino acid biosynthetic genes are 
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known to occur on chromosome 7: LEU2 and ARG4. HIS2 is found on chromosome fragment 51.
In order to determine whether the new mutations are in fact in the genes known to be located in the haploid regions, we carried out transformations with LEU2-, HIS-and ARG4-containing plasmids. Table 3 , lines 1-3, shows that the Leu-mutant can be transformed to prototrophy with any of several plasmids containing the C. albicans LEU2 gene. More interestingly, it can also be transformed with the Saccharomyces cerevisiae LEU2 gene (line 4), thus making the latter one of the few foreign genes that function in C. albicans. Transformation of one of the His-mutants was attempted with the HIS2 gene as well as with the HIS3 and HIS4 genes. Only the HIS2 gene gave transformants (Table 3 , lines 5-7). These plasmids have been shown to transform the appropriate C. albicans auxotrophs (Altboum et al., 1990; Pla et al., 1995; B. B. Magee, unpublished results) . We used the ILV2 gene to transform the Ilv-auxotroph. No transformants were found. ILV2 is located on chromosome 3. There should be three or four ILV genes in C. albicans, based on the results in S. cereuisiae, but only ILV2 has been cloned. Attempts to transform the Arg-strain with a plasmid containing ARG4 (pARG4-1) were not successful due to the leakiness of this mutation.
DISCUSSION
For an organism with no sexual cycle, the true state of ploidy is very hard to determine unequivocally. C. albicans was thought to be haploid for many years; it was not until it was shown to contain two alleles of several genes that investigators began to regard it as diploid (Whelan et at., 1980) . However, that demonstration and the subsequent analysis of the complexity of genomic DNA (Riggsby et al., 1982) only indicated that it was largely diploid; neither method was sensitive enough to detect aneuploidy. The issue of partial haploidy (or triploidy) could not be settled by such experiments. Some early genetic experiments provided evidence for recessive lethal mutations (Whelan & Soll, 1982) ; if these were common and balanced, the organism would not be able to tolerate extended regions of haploidy. The advent of PFGE of chromosomes (Snell & Wilkins, 1986 ; Magee & Magee, 1987 ) demonstrated that there is significant variation in the karyotype among clinical isolates, suggesting the possibility that chromosomes or parts of chromosomes were missing in some strains. Several of these aberrant karyotypes, however, were subsequently shown to be the result of translocations, with all or most of the chromosome material conserved (Thrash-Bingham & Gorman, 1992) . Barton & Gull (1992) showed that the organism could tolerate aneuploidy ; they demonstrated that growth of an a d d heterozygote in the presence of methylbenzimidazol-2-yl carbamate led to small red (Ade-) colonies ; these slow-growing strains gave rise to progeny, still red and adenine-requiring, which grew much faster. Karyotypic analysis suggested that the cells in the small colonies had only one copy of chromosome 3 (1.9 Mb in size), the location of a d d , while the fastergrowing cells had two copies, presumably due to endoreduplication of the single chromosome 3 homologue in the original isolates. The fact that the monosomic strains were viable demonstrates that in this strain, at least, one homologue of the 3-8 Mb chromosome 3 carries no recessive lethal mutations.
The results reported here show quite clearly that C. albicans strain WO-2 can grow, switch from white to opaque, and carry out the dimorphic transition while haploid for more than 1.5 Mb. The electrophoretic karyotype shows quite clearly that two bands present in the parent strain, WO-1, are missing; blots with genes present on these two chromosomes indicate that the missing information is not elsewhere on the karyotype as a result of further chromosome translocations.
One formal possibility for the changes that have occurred in WO-2 is that the chromosomes containing the genetic material in the missing bands have been duplicated, so that the strain, while still aneuploid, is not partially haploid but partially triploid. The mutagenesis experiments, while not ruling this out, make it very unlikely, since at least three of the seven auxotrophs isolated are due to mutations in genes with one allele on the missing bands; this is the expected result if the changes have left these genetic regions haploid. It will be interesting to determine whether there is an isoleucine/ valine biosynthetic gene in one of these regions, explaining why an Ilv-auxotroph was isolated twice in these experiments. The status of the Arg-mutation remains undetermined.
It is quite difficult to get stable mutations in WO-1;
McEachern & Hicks (1991) used an ade2 mutant generated by NTG treatment, and Chu et al. (1992) also used NTG to generate stable mutants. The genetic basis for this instability is unknown, but at least some UVinduced mutations in WO-2 are stable, in contrast to its parent. One possible explanation for this is that WO-1 has an elevated repair system that requires the homologous allele. If this is the case, the Arg-mutation may not lie in one of the haploid regions of the genome, but the Ilv-one probably does.
The low growth rate of WO-2 compared to its parent supports the idea that it is haploid for a significant amount of genomic material. Given the results of Barton & Gull (1992) , it is at first surprising that the aneuploid culture is not taken over by strains which have recovered diploidy or near diploidy. The most likely explanation is the fact that none of the missing chromosomes has an intact homologue in the karyotype. Thus, to return to a diploid level for chromosome 7 , WO-2 would have to duplicate two translocation products, ending up triploid for chromosome 4, a 1.7 M b chromosome. For fragment 51, a significant fraction of chromosome 1 would be triploid, and for fragment 6C, 900 kb of chromosome 6 would become triploid. Hence, WO-2 seems locked in an aneuploid, slow-growing state.
Since it is now clear that C. albicans can tolerate large regions of haploidy, at least for some parts of the genome, the question arises whether aneuploidy may play a role in its pathogenesis. Recessive genes whose expression is important for infection could be rendered hemizygous by the loss of a portion of a chromosome; if the loss were so great that growth were affected, reduplication as found by Barton & Gull (1992) might lead to restoration of the wild-type generation time. Loss of one allele might also provide an opportunity for genetic variation, since any mutations in the hemizygous genes would be immediately expressed. It seems clear that diploidy without sex leads to significant genomic stability; however, variation would seem to be necessary for an organism that moves back and forth between commensalism and infection. Changes in ploidy, along with karyotypic rearrangement, may be a major mechanism by which C. albicans achieves genetic variability.
